We have studied the surface structures of single crystalline -FeSi 2 substrate and their influence on homoepitaxial growth. After heat-treatment in ultra-high vacuum above 750°C, where the native oxide layer (SiO x ) on the substrate was removed, characteristic structures depending on the surface orientation were formed on the substrate. On the -FeSi 2 (100) substrate, the round shaped dip structures with conical elevation appeared after heat treatment above 800°C. The composition of the dip structures was partially Fe-rich as compared with nominal -FeSi 2 composition (Si/Fe=2). These characteristic structures significantly affected the crystalline quality. They remained in the epitaxial layer after thin film growth. We also achieved homoepitaxial -FeSi 2 films on -FeSi 2 (111) substrate at the growth temperature of 700°C and 800°C.
Introduction
Semiconducting iron disilicide, -FeSi 2 , is one of the promising materials in applications of infrared (IR) optoelectronic device because it has a very large optical-absorption coefficient (~10 5 /cm -1 ) and an energy gap about 0.7eV (indirect) [1, 2] . Furthermore, abundance and nontoxicity of its constituent elements are suitable for use in human-friendly consumer devices. Up to date, IR detectors using Si/ -FeSi 2 p-n junction and Al/ -FeSi 2 Schottky junction are demonstrated by ion beam synthesisi (IBS) method [3] and direct wire bonding [4] . However, reported data are limited so far. In order to realize the high efficient IR detector, quality of -FeSi 2 film and the junction interface are significantly important. Homoepitaxial p-n junction is one of the suitable techniques to obtain the high quality thin film and the junction interface.
In recent years, we have investigated the epitaxial growth of -FeSi 2 thin film on -FeSi 2 substrate prepared from solution grown -FeSi 2 single crystal and have succeeded in growing homoepitaxial film on -FeSi 2 (101) and (100) substrates using electron beam (EB) evaporation system [5, 6] . However, both instability of the flux rate of the EB- Open access under CC BY-NC-ND license.
system and surface defects of the substrate led to a lack of reproducibility and degraded the film crystalline quality. In this report, we investigate the surface structure of -FeSi 2 substrate annealed in ultra high vacuum and their influence for homoepitaxial growth using MBE system with high temperature K-cells for Si and Fe source.
Experimental
The substrates of -FeSi 2 were prepared from -FeSi 2 single crystals grown by the temperature gradient solution growth method using Ga solvent [7] . The as-etched substrates were immediately loaded into a MBE chamber (Eiko Engneering Co.) and then heated in an ultra high vacuum (~10 -9 Torr) to remove the surface native-oxide layer. The surface condition during the heating was observed by a reflection high-energy electron diffraction (RHEED). After the heating, the surface of -FeSi 2 substrate was observed by a microscope, an atomic force microscope (AFM) and a scanning electron microscope (SEM) with energy dispersive x-ray spectrometer (EDX).
Thin film epitaxial growth of -FeSi 2 on -FeSi 2 substrate was also performed by using a MBE system equipped with high-temperature Knudsen cells for Si (10N) and Fe (3N) source. The substrates of single crystalline -FeSi 2 were pre-annealed at 900 to remove the native oxide and, then were co-deposited with Si and Fe near the stoichiometric composition of their flux ratio (Si/Fe=1.5-2.5). The growth temperature was varied between 600 and 900 . Figure 1 shows AFM images of surface of -FeSi 2 (100) substrate after annealing at various temperatures (T AN ) for 1hour. The surface of the substrate annealed below T AN = 700°C was as smooth as that of as-etched substrate, whereas the round shaped dips appeared on the surface of substrate annealed above T AN = 750°C. The average diameters of the dips were about 350 nm at T AN = 750°C and about 500nm at T AN = 900°C. The density of the dips was (3-5) x 10 7 cm 2 and almost independent of T AN . The depth and structure of the dips also changed depending on T AN . Above T AN = 800°C, conical elevations were observed at the bottom of each dip and their height became tall with increasing T AN , whereas no conical elevations were observed in the dips below T AN = 800°C. From RHEED observations during annealing, we found that the native oxide on the -FeSi 2 substrate was removed above T AN = 750°C. Therefore, the temperature at which the dips appeared on the substrate is same as the temperature at which the native oxide was removed.
Results and Discussion

Effect of pre-heat-treatment for substrate surface
We measured the Si/Fe composition of the substrate surface by using the SEM-EDX system and found that the composition at the dips with conical elevation shifted to Fe-rich compositions as compared with the nominal Si/Fe (=2.0) composition. Although the measured value does not correspond to the actual composition due to the deeper probing thickness of the electron beam compared to the conical elevation, the result suggested the formation of Ferich phase. Since the thin layer of native oxide (SiO x ) on the substrate was evaporated during the annealing, the composition of the surface would be partially Fe-rich. Considering from the Fe-Si binary phase diagram, this variation in composition may cause the partial phase transformation from -FeSi 2 to -FeSi. Figures 2 (a) -(d) show the RHEED patterns and AFM images of surface of -FeSi 2 thin film on -FeSi 2 (111) substrate grown at 700 and 800 , respectively. The flux ratio of Si/Fe was 2.0 and the deposition thickness estimated from the quartz balance monitor was 20 nm. The RHEED pattern clearly keeps symmetrical streaks, which implies a good two-dimensional growth of the -FeSi 2 thin layer on -FeSi 2 (111) substrate. As shown in the figure, both samples had smooth surface with a well-developed terrace and step structure. Thus, homoepitaxialFeSi 2 thin films have been successfully grown on the -FeSi 2 (111) substrate. On the other hand, we also observed the rectangular shaped elevation structures, which typically appeared on the pre-annealed -FeSi 2 (111) substrate after removing the native oxide. The density of those rectangular structures was as same as that observed after pre-annealing. This observation indicates that reducing the density of elevation structure evolved during pre-annealing is significantly important to obtain a high quality homoepitaxial film.
Growth of thin films on the -FeSi 2 (111) substrate
Conclusion
We have investigated the surface structure on -FeSi 2 substrate after annealing in ultra high vacuum and their influence for homoepitaxial growth. We found that the dip structures appeared on the surface of -FeSi 2 (100) substrate after annealed above T AN = 750°C, where the evaporation of native oxide layer (SiO x ) was occurred. The composition of the dip with conical elevation structure was Fe-rich compare to nominal -FeSi 2 composition (Si/Fe=2). This result indicates that the decomposition from -FeSi 2 to -FeSi may occur on the surface during the annealing. We have also obtained homoepitaxial films with smooth surface on -FeSi 2 (111) substrate at the growth temperature of 700°C and 800°C. 
